ABSTRACT New World monkeys (NWMs) occupy a critical phylogenetic position in elucidating the evolutionary process of major histocompatibility complex (MHC) class I genes in primates. From three subfamilies of Aotinae, Cebinae, and Atelinae, the 5Ј-flanking regions of 18 class I genes are obtained and phylogenetically examined in terms of Alu/LINE insertion elements as well as the nucleotide substitutions. Two pairs of genes from Aotinae and Atelinae are clearly orthologous to human leukocyte antigen (HLA) -E and -F genes. Of the remaining 14 genes, 8 belong to the distinct group B, together with HLA-B and -C, to the exclusion of all other HLA class I genes. These NWM genes are classified into four groups, designated as NWM-B1, -B2, -B3, and -B4. Of these, NWM-B2 is orthologous to HLA-B/C. Also, orthologous relationships of NWM-B1, -B2, and -B3 exist among different families of Cebidae and Atelidae, which is in sharp contrast to the genus-specific gene organization within the subfamily Callitrichinae. The other six genes belong to the distinct group G. However, a clade of these NWM genes is almost equally related to HLA-A, -J, -G, and -K, and there is no evidence for their orthologous relationships to HLA-G. It is argued that class I genes in simian primates duplicated extensively in their common ancestral lineage and that subsequent evolution in descendant species has been facilitated mainly by independent loss of genes.
G LYCOPROTEINS encoded by genes in the major
lists class I homologs of human leukocyte antigen (HLA) genes of simian primates. Note that not all of histocompatibility complex (MHC) region in verthese homologs are orthologous to HLA class I genes. tebrates trigger the acquired immune system by presentAlthough there is the 1:1 orthology among humans ing non-self-peptides to T cells (Klein 1987; and great apes of A locus, there is no 1:1 orthologous Hořejší 1997) . The number of bona fide MHC genes relationship between HLA-A and Patr-AL (Adams et al. seems to have been optimized by dual functions of MHC 2001). In Old World monkeys (OWMs), there are many molecules: T-cell restriction by self-peptides and presen-A-like genes in addition to the so-called AG gene (Boytation of non-self-peptides (Takahata 1995; Celada son et al. 1996 Celada son et al. , 1997 . Since these A-related genes dupliand Seiden 1996; Wegner et al. 2003) . MHC genes are cated specifically in the lineage of OWMs (Boyson et divided into classes I and II with respect to their strucal. 1996, 1997) , they are orthologous to hominoid A, but ture and function. Each class is further subdivided into they are not 1:1 orthologs to HLA-A. In more distantly classical and nonclassical according to the pattern of related New World monkeys (NWMs), no A-like genes gene expression or the extent of polymorphism (Klein have been found. 1987) . Classical class I genes are ubiquitously expressed For the B and C loci, the 1:1 orthology is demonand generally exhibit high degrees of polymorphism. strated within hominoids. HLA-C orthologs are found Nonclassical class I genes are expressed mainly in rein African apes and orangutans (Chen et al. 1992 ; Adams stricted tissues or organs and exhibit relatively low exet al. 1999) and this is consistent with the suggestion tents of polymorphism. Some nonclassical MHC molethat the duplication of HLA-B and -C occurred Ͼ40 cules function as a ligand to a natural killer cell receptor million years ago (MYA; Kulski et al. 1997 ; but see (NK receptor) and send a signal to prevent the cell lysis Piontkivska and Nei 2003). Since this estimate preby the NK cell (Braud et al. 1998; Lee et al. 1998; Leib- dates the divergence between hominoids and OWMs son 1998). (Martin 1993) , it is likely that the ancestor once possessed the HLA-C ortholog. Thus, the HLA-C ortholog seems to have been lost in gibbons and OWMs. On the other hand, orangutans and OWMs experienced gene 
Species or subfamily Classical genes Nonclassical genes Pseudogenes
Homo sapiens
a Part-AL is polymorphic in terms of presence or absence and is paralogous to HLA-A. b Popy-C is polymorphic in terms of presence or absence. Popy-B1 and -B2 are duplicates specific to the orangutan, making them group orthologs to HLA-B.
c Mamu-G is a pseudogene orthologous to HLA-G. There are multiple B loci in M. mulatta. However, the phylogenetic analysis does not classify sequences into well-defined groups and the number of loci is still unknown. Mamu-I is different from B loci and emerged specifically in OWMs. Mamu-A1, -A2, and -AG duplicated in OWMs and group orthologs of HLA-A. d The number of known G-related loci is given in parentheses because of the uncertainty of the orthology to HLA-G. The orthologous relationships of the B-related genes in Pitheciinae and Atelinae are not known.
(Pithecia pithecia). However, these B-like genes in NWMs ments. We use this information as well as the nucleotide substitutions to study the evolutionary relationships of are paraphyletic with respect to HLA-B/C (Cadavid et al. 1997) and their orthologous relationships are not demclass I genes in simian primates. onstrated.
As for the nonclassical class I loci, E and F are well Knapp et al. 1998) . By contrast, the orthologous relation-10 HLA loci: HLA-A (GenBank accession nos. AP000519 and AP000520), HLA-B (AP000507), HLA-C (AP000508), HLA-E ships of G can be seen only between hominoids and
OWMs (Boyson et al. 1997; Castro et al. 2000) . In amplify not only exons but also the 5Ј-flanking region
We used each of these PCR primers in combination with an of NWM class I genes. The 5Ј-flanking region contains exon 2 primer (pEX2, 5Ј-AACTGCGTGTCGTCCACGTA-3Ј). PCR conditions were slightly different among primer sets a number of phylogenetically informative insertion ele- (Parham et al. 1989 (Parham et al. , 1995 . sequence primers. We performed sequencing reactions by
We compared the 5Ј-and 3Ј-flanking sequences of the using the dye terminator cycle sequencing method [DNA se-10 HLA loci in addition to their coding sequences. Howquence kit (ABI, Columbia, MD)] and the DNA sequencer (ABI377; ABI). According to the MHC designation system ever, because the alignment in the 3Ј-flanking region (Klein et al. 1990; Bontrop and Klein 1997) , MHC genes in is difficult to make, particularly for HLA-E and -F, we We analyzed the 5Ј-flanking region, introns, exons 2-3, Sequence analysis: To identify homologous regions between and exons 4-8 separately and evaluated the reliability of pairs of DNA sequences, we used Dotter (Sonnhammer and Durbin 1995) and aligned homologous regions by Clustal W the resulting phylogenetic trees in terms of the topology (Thompson et al. 1994) . We further modified the alignment and the bootstrap value (BV). As expected from extenmanually wherever necessary. We constructed phylogenetic sive nonsynonymous substitutions in exons 2-3 driven trees by the neighbor-joining (NJ) method (Saitou and Nei by balancing selection (Hughes and Nei 1988; Taka-1987) implemented in PHYLIP, version 3.572 (Felsenstein 1993) . We used the p-distances (the observed numbers of hata 1995), the tree topology in these exons appears nucleotide differences per site) to determine the topological to be much affected by homoplasy and significantly dif- ( Figure 1C ). On the other hand, the remaining three regions show a more or less similar tree topology, and FLAM_C is a subfamily of the left arm of the Alu monomer and is thought to have disseminated earliest ( Jurka the BVs are satisfactorily high for the 5Ј-flanking region and introns ( Figure 1) . Importantly, the 5Ј-flanking reand Milosavljevic 1991; Kapitonov and Jurka 1996). HLA-B, -C, and -L share an FLAM_C by which they are gion contains a number of nucleotide insertions and deletions (indels), as well as Alu, L1, and L2 insertion grouped in B. In addition to this FLAM_C, there is an AluJo that can discriminate HLA-B/C from HLA-L within elements. It turns out that these insertion elements and indels are phylogenetically informative, so that we subsegroup B. This AluJo is inserted in a 6-to 9-kb region upstream from exon 1 and is not depicted in Figure 2 . quently focus on the 5Ј-flanking region.
Among phylogenetically informative insertion eleThere is an AluJb that can define a single clade of group A and group G. These groups can be distinguished from ments (Figure 2) , there are four Alus, which allow us to classify the 10 HLA loci into four groups: B (HLA-B, each other by an AluY specific to group A and by another AluJo specific to group G. Group E or HLA-E is highly -C, and -L), A (HLA-A and -H), G (HLA-G, -J, -K, and -F), and E (HLA-E). Alus are primate-specific short interunusual in that five Alus are specifically inserted in the 5Ј-flanking region. The PCR primers in materials and spersed elements, and on the basis of diagnostic sites Alus are classified into four subfamilies: FLAM or FRAM, methods are designed to include these insertion elements and we use them as phylogenetic markers to AluJ, AluS, and AluY (Jurka and Milosavljevic 1991; Batzer and Deininger 2002 ately classified into three groups: one into group E, one by insertion elements and indels are also supported by BLAST search. Using each of the 5Ј-flanking sequences into group B, and three into group A or G (Figure 3) .
We could identify the group E sequence as Mamu-E of Mamu class I genes as a query, we obtained the corresponding HLA or Patr ortholog as the best hit. Similarly, (Boyson et al. 1995) from the presence of four Alus and one L1, of which the insertion sites are identical BLAST search of an ‫-051ف‬bp exon 1-2 sequence showed that the Mamu-E and -F sequences are 99% to those of HLA-E. For the other single Mamu sequence in group B, we found that the insertion sites of one identical to those in the database, respectively, and that the Mamu-A sequence is 88% identical to the Mamu-A*11 FLAM_C and three L1s are identical to those in HLA-L (Figures 2 and 3 ). Therefore this sequence is designated sequence. However, the Mamu-K and -L exon sequences turn out to be Ͼ90% identical to Mamu-B*08, suggesting as Mamu-L. To distinguish whether the three sequences belong to group A or G, the group-A-specific AluY is either some confusion in locus identification or loose linkage between the 5Ј-flanking region and exons 1-2. not a useful marker since it is found mainly in hominoids and rarely in OWMs or NWMs (Batzer and Deininger Classification of NWM class I genes: The same PCR primer set as for M. mulatta yielded 18 NWM sequences: 2002). Instead, we distinguished group G from group A by the presence or absence of the group-G-specific 7 from A. trivirgatus, 5 from C. apella, and 6 from A. belzebuth (Table 2) . Since the insertion sites of group-specific Alus AluJo. In other words, if this AluJo is present, a sequence is identified as a member of group G, and if not, it is are identical to those in HLA genes (Figure 4) , it is possible to classify the 18 sequences into three groups: E, B, of group A. In this way, two of the three Mamu sequences are classified into group G and one into group A. The and G. Two sequences are classified into group E by L1 and AluSg, which are shared with HLA-E; 8 into group latter is designated as Mamu-A (Miller et al. 1991 ) and this designation is also supported by BLAST search (see B by FLAM_C, which are shared with HLA-B, -C, and -L; and the remaining 8 into group G by AluJo and L2, below).
Furthermore, according to indels that are shared with which are shared with HLA-G, -J, -K, and -F. The apparent lack of group A is due to either PCR primer mismatches HLA-K or -F, the two Mamu sequences in group G are identified as Mamu-K and -F. Mamu-K shares a single 95-or its true absence in the NWM genome. The two group E sequences from A. trivirgatus and bp insertion with HLA-K, while Mamu-F (Otting and Bontrop 1993) shares nine indels (one 2-bp, one 6-bp, A. belzebuth (Table 2) are unambiguously designated as Aotr-E and Atbe-E by insertion elements (Figures 2 and and one 120-bp insertion, and two 1-bp, two 3-bp, and two 4-bp deletions) with HLA-F. Although our failure 4), which is consistent with the finding of conservation of E genes in simian primates . Within to detect Mamu-B and -G (Boyson et al. 1995 (Boyson et al. , 1996 is probably owed to insufficient screening of PCR prodgroup B sequences, there are four different constellations (B1-B4) of Alu/LINEs. In addition, there are eight ucts, we did newly identify Mamu-L and -K in addition to known Mamu-A, -F, and -E. These locus assignments informative indels ranging from 1 to 10 bp within the within this group (data not shown, but see Figure 5 ). that can be aligned. Figure 5A shows the NJ tree of 12
b The HLA sequences were retrieved from GenBank.
sequences in group B and Figure 5B shows the NJ tree c The MHC symbol is followed by a four-letter abbreviation of 14 group G and 3 group A sequences (HLA-A, -H, system (Klein et al. 1990; Bontrop and Klein 1997) . These results are consistent with our previous assumpAotr-B3/Ceap-B3. Ceap-B4 is also exceptional in that it tions that Atbe-B3 is orthologous to Aotr-B3 and Ceap-B3 has a number of unique indels.
and that Ceap-B4 is an independent locus. Importantly, Among eight group G sequences (Table 2) , Atbe-F Figure 5A suggests that the sequences in the NWM B2 and Aotr-F differ from the rest of group G sequences in clade (hereafter designated as NWM-B2 for the locus) that a diagnostic AluJo splits into two parts by a 1-kb are more closely related to HLA-B/C than those in the insertion sequence of unknown origin (Figure 4) . These NWM B1, B3, and B4 clades (NWM-B1, -B3, and -B4, two genes are orthologous to HLA-F and Mamu-F respectively). It is possible that some NWM loci in group (Otting and Bontrop 1993), as supported also by the B are orthologous to HLA-B (Cadavid et al. 1997) , since presence of eight indels (one 2-bp insertion and two HLA-B and -C duplicated in the stem lineage leading to 1-bp, two 3-bp, two 4-bp, and one 6-bp deletions), which
OWMs and HLA-B-related genes are more prevalent are uniquely shared among these four sequences (Fig- than HLA-C in primates. Although the clade of NWMure 4). Among the remaining six sequences in group B2 and HLA-B/C is only weakly supported by BVs, it does G, there are four informative indels, all of which are suggest that there is an ortholog of HLA-B in NWMs. shared only among Ceap-G1, Ceap-G1*, and Aotr-G1. CeapFurthermore, the NWM-B1, -B2, and -B3 genes are G1* is unique in possessing AluSc. However, since Ceapshared between different families of Cebidae and Atel-G1 and Ceap-G1* are sampled from a single individual idae. of C. apella and polymorphic Alus in MHC alleles are Of 14 group G sequences ( Figure 5B ), Atbe-F and not rare (Kulski et al. 2001) , they are likely to be allelic.
Aotr-F are orthologous to HLA-F and Mamu-F and the For the remaining three genes, Aotr-G2, and clade of these four genes is supported by 100% BV. The Atbe-G2, no phylogenetic informative indels can further remaining NWM sequences form two clades: the G1 distinguish these genes from each other.
clade consisting of Aotr-G1, Ceap-G1, and Ceap-G1* (88% In short, insertion elements and indels have success-BV) and the G2 clade consisting of Aotr-G2, Ceap-G2, and Atbe-G2 (94% BV). The G1 and G2 clades are also fully identified HLA-E and -F orthologs (Watkins et al. Evolution of Primate MHC Class I Genes supported by deletions and are regarded as representthe 5Ј-flanking region, we sequenced the entire coding regions of four genes of A. trivirgatus (Aotr-G2, Aotr-F, ing different loci (NWM-G1 and -G2). Like NWM-B1, -B2, and -B3, NWM-G1 and -G2 are shared among two Aotr-B1, and Aotr-B2). These genes individually represent members of major clades in Figure 5 . The phylogeor three different subfamilies. It should be noted that the total clade of G1 and G2 is supported by 99% BV netic analysis of these coding sequences with nine HLA (excluding HLA-E) loci reveals that the tree topology is to the exclusion of HLA-A, -G, -J, -K, and -F, suggesting that all of these loci are paralogous to each. Ceap-G1 almost the same as that for the 5Ј-flanking region. The topology based on the 5Ј-flanking region is also in good and Ceap-G1* are more closely related to each other than to any other sequences and are clustered in a single agreement with that based on introns (data not shown), suggesting that phylogenetic signals in the 5Ј-flanking clade ( Figure 5B ). The p-distance (3.2%) between Ceap-G1 and Ceap-G1* is relatively large, but it is within a region and introns are not shuffled by recombination. However, it is substantially different from the topology range of the observed allelic diversity at MHC loci (Satta 1993).
based on exons 2-3. It is generally accepted that exon 4-8 sequences repTo examine to what extent the phylogenetic tree based on exons or introns is consistent with that of resent locus specificity better than the remaining coding Figure 5 .-NJ trees of primate group B and G sequences based on the p -distances in the 5Ј-flanking region. Group E sequences are excluded since the number of nucleotide sites that can be compared becomes substantially small. The phylogenetic analysis is carried out separately for groups B and G. The number of nucleotide sites compared is (A) 1021 bp for group B sequences and (B) 1743 bp for group G sequences. In total, 12 sequences are in group B and 17 sequences are in group G. At a node, the bootstrap values Ͼ65% are given. An open diamond indicates gene duplication and the root of the group B or G tree is assumed to be the same as that placed when all sequences are used. As in text and Table 2 , the MHC symbol is followed by a fourletter abbreviation system (Klein et al. 1990; Bontrop and Klein 1997) .
region (Parham et al. 1989 (Parham et al. , 1995 . We compared the Class I loci in the simian primate ancestor: The pairwise p-distances among four NWM paralogous B-related phylogenetic tree for exons 2-3 or exons 4-8 with that for the 5Ј-flanking region. Exon 4-8 sequences make loci (B1-B4 in Figure 5A ) range from 11.8 to 14.3%. Similarly, the distances between L (HLA-L and Mamu-L) HLA-B/C, Aotr-B1, and Aotr-B2 cluster with 97% BV and make HLA-F and Aotr-F cluster with 86% BV, although and four NWM B-related loci range from 15.2 to 19.3%. These p-distances are still Ͼ10%, a value averaged over the evolutionary relationships within group B and G sequences cannot be resolved (data not shown). On the 20 pairs of intron sequences between humans and NWMs (O'hUigin et al. 2002) , suggesting that the diverother hand, exon 2-3 sequences show more complicated phylogenetic relationships than do exon 4-8 segence of these loci is prior to the divergence of these species. Thus, there were at least five group B loci (four quences. In particular, group B and G sequences do not form two distinct clades. These analyses have sug-NWM B-related and L loci) before the present simian primates began to differentiate. gested that neither exons 2-3 nor exons 4-8 contain reliable phylogenetic signals of discriminating primate Likewise, the pairwise p-distances among HLA-A, -G, -J, and -K range from 11.2 to 12.0%. It is therefore likely class I loci. Figure 6. -Evolution of B-and G-related genes in humans and NWMs. The evolutionary process is divided into phases I and II. Phase I corresponds to the time period between the mammalian radiation and the divergence of humans and NWMs. It is assumed that there was a single locus of the extant primate class I genes 80-100 MYA. The ancestral gene duplicated into proto-E, -B, and -G genes. The presence of the proto-A gene is likely, but uncertain. Subsequently, proto-B and -G genes expanded to generate five group B and five group G genes, respectively, and there were at least eight gene duplications during phase I. On the other hand, phase II corresponds to the time period from the divergence of humans and NWMs to the present. During this phase, there were only one duplication for HLA-B and -C in the lineage leading to humans and one for G1 and G2 in the stem lineage of NWMs. The number beside an arrow stands for the minimum number of gene duplications. that these loci also had already differentiated in an early between humans and NWMs, or even the emergence of prosimians (Martin 1993 and -G2 genes range from 9.5 to 11.5%. It is not easy to judge whether they duplicated and FRAM in the 5Ј-flanking region of group B, G, and E sequences. Since these Alus were dispersed in the before or after the emergence of NWMs. To be conservative in the following discussion, however, we assume that primate genome ‫08ف‬ MYA (Batzer and Deininger 2002) , it is likely that they were integrated into the NWM-G1 and -G2 loci duplicated shortly after the split of humans and NWMs. Thus, in addition to F (Figure prosimian genome as well. Our molecular clock analysis has also consistently provided the ancient differentia-5B), there were at least six paralogous loci (four HLA, G1/G2, and F loci) in groups A and G in the stem linetion of group B and G sequences. Therefore, identification of prosimian class I loci by this method is feasible age of simian primates.
and even legitimate to fully understand the evolution of primate class I loci.
DISCUSSION

Oldest class I locus in primates:
In this study, we have shown that most of primate class I loci diverged from Divergence times of class I loci: To date the sequence each other before the split between humans and NWMs. divergences within group B or G, we constructed NJ But which primate class I locus diverged first? Shiina trees on the basis of the d-distances rather than on the et al. (1999) proposed the hypothesis that the HLA rep-distances and examined the molecular clock hypothegion was shaped by successive duplications of a block sis by the two-cluster test (Takezaki et al. 1995) . The test encompassing a single HLA locus. They concluded that reveals that four group G sequences (HLA-F, Mamu-F, a block containing HLA-F is the oldest, which is also Aotr-F, and Atbe-F) and three group B sequences (Atbesupported by the recent work by Piontkivska and Nei B2, Aotr-B2, and Ceap-B4) have evolved significantly (P Ͻ (2003) . However, Shiina et al. (1999) excluded HLA-E 0.01) faster than other sequences within each group. from their consideration, because the gene content of However, once we removed these sequences, no rate the E block is totally different from that of other blocks heterogeneity remained. Thus, we compute the average (Kulski et al. 2000) . On the other hand, Piontkivska height (the average d-distances from the tips to the latest and Nei (2003) used exon 2-4 sequences in their phylocommon node) of groups B and G as 9.1 Ϯ 0.5% and genetic analysis. Although they carefully examined the 7.3 Ϯ 0.3%, respectively. If we assume that the silent molecular clock hypothesis among various MHC genes, nucleotide substitution rate at primate MHC loci is the phylogeny has low BVs at critical nodes and appears 10 Ϫ9 /site/year , the emergence of to be influenced by homoplasy. groups B and G can be dated as ‫09ف‬ and 70 MYA, respectively. These divergences greatly predate the split On the other hand, the NJ tree of intron sequences reveals that HLA-E diverged first when dog and pig setion. Thus, the gene organization was basically remolded by extensive duplication during the early stage quences are used as outgroups (data not shown). The first divergence of HLA-E from other HLA loci is supof primate evolution and the present repertoire has been shaped mainly by loss of loci. Such a tempo and ported by insertion elements in both 5Ј-and 3Ј-flanking regions of HLA-E. In the 5Ј-flanking region, HLA-E does mode of evolution in primate class I loci surely awaits not share any insertion elements with other HLA and further scrutiny to determine its biological significance. among them is FRAM, the oldest Alu. Similarly in the diverged first and has long evolved in isolation from the others.
Gene duplication rate in primate class I loci: In Figure  6 , we hypothesize contraction and expansion models of LITERATURE CITED group B and G loci in humans and NWMs, respectively.
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